This paper addresses the Phanerozoic tectonic evolution of the western Tarim Basin based on an integrated stratigraphic, structural and tectonic analysis. P-wave velocity data show that the basin has a stable and rigid basement. The western Tarim Basin experienced a complex tectonic evolutionary history, and this evolution can be divided into six stages: Neoproterozoic to Early Ordovician, Middle Ordovician to Middle Devonian, Late Devonian to Permian, Triassic, Jurassic to Cretaceous and Paleogene to Quaternary. The western Tarim Basin was a rift basin in the Neoproterozoic to Early Ordovician. From the Middle Ordovician to Middle Devonian, the basin consisted of a flexural depression in the south and a depression that changed from a rift depression to a flexural depression in the north during each period, i.e., the Middle-Late Ordovician and the Silurian to Middle Devonian. During the Late Devonian to Permian, the basin was a depression basin early and then changed into a flexural basin late in each period, i.e., the Late Devonian to Carboniferous and the Permian. In the Triassic, the basin was a foreland basin, and from the Jurassic to Cretaceous, it was a downwarped basin. After the Paleogene, the basin became a rejuvenated foreland basin. Based on two cross sections, we conclude that the extension and shortening in the profile reflect the tectonic evolution of the Tarim Basin. The Tarim Basin has become a composite and superimposed sedimentary basin because of its long-term and complicated tectonic evolutionary history, highly rigid and stable basement and large size.
Introduction
The Eurasia-India collision shaped the present topography of northwest China (Lu et al. 1994; Kao et al. 2001; Jiang et al. 2017) . The Tarim Basin is located where intense regional compression has dominated since the Cenozoic (Molnar and Tapponnier 1977; Sobel and Dumitru 1997) (Fig. 1) . The basin has a complicated tectonic evolutionary history and is classified as a composite and superimposed sedimentary basin (Jia 2003) . Studying the evolution of the Tarim Basin can be useful to understand the relationship between the tectonic background and basin evolution.
Some efforts have been made to reconstruct the tectonic and stratigraphic evolution of the western Tarim Basin (Jin et al. 2003; Qu et al. 2005; Heermance et al. 2007; Wei et al. 2013 ), but few investigations have incorporated processes throughout the entire Phanerozoic Eon. This paper attempts to reconstruct the tectonic evolutionary history of the western Tarim Basin and to determine its basement characteristics to understand how it evolved into a composite and superimposed sedimentary basin.
The western part of the Tarim Basin is surrounded by the Tianshan Mountains to the northwest, the Pamir Plateau to the west and the West Kunlun Mountains to the southwest (Fig. 2 ). Intense regional compression, originating from the northward movement of the Indian Plate, has been concentrated in this area since the Cenozoic (Molnar and Tapponnier 1977; Sobel and Dumitru 1997; Zhang et al. 2002; Ji et al. 2008) .
Generally, the Tarim Basin has Neoproterozoic to Paleozoic marine sedimentary cover and Mesozoic to Quaternary nonmarine sedimentary cover, where the Permian was a transitional period between the marine and continental facies (Jia et al. 2004) . However, in the western Tarim Basin, marine deposits also occurred after the Permian (Wei et al. 2013) . Figure 3 shows the general stratigraphic sequence of the western Tarim Basin. Glacial gravels, dolostone and subaerial clastic rocks characterize the Neoproterozoic deposits in the western Tarim Basin. Dolostone, limestone and gypsum-bearing rocks occur in the Cambrian strata. The Ordovician deposits are composed of limestone, dolostone, argillaceous sandstone and siltstone. The Silurian deposits are shale in the lower units and sandstone and siltstone in the upper units. The Devonian deposits are composed of siltstone and sandstone. Limestone, gypsum-bearing rocks and mudstone characterize the Carboniferous deposits. The Permian deposits are limestone, sandy mudstone, mudstone and basic volcanic rocks. Conglomerate, sandstone, siltstone and mudstone characterize the Triassic deposits. The Jurassic strata are composed of conglomerate, sandstone and siltstone in the lower units, mudstone and shales in the middle units and conglomerate in the upper units. The Cretaceous strata consist of sandstone, conglomerate, gypsum-bearing rocks, mudstone and shale. The Paleogene strata are composed of limestone and gypsum-bearing rocks in the Paleocene, mudstone and limestone in the Eocene and mudstone in the Oligocene. Mudstone, sandstone and conglomerate occur in the Neogene strata. In addition, the Quaternary strata are composed of conglomerate, sandstone and argillaceous siltstone.
Sutures on the northern, western and southern edges of the Tarim Basin record the plate amalgamation history of (Gao et al. 2009; Su et al. 2010; Ge et al. 2012; Liu et al. 2014; Ma et al. 2014; Zhang et al. 2014 ) and with the Qiangtang Terrane in the Triassic (Xiao et al. 2003; Liu et al. 2013; Pullen et al. 2015; Xu et al. 2015) .
Basement characteristics
The western Tarim Basin has a Precambrian crystalline basement (Tian et al. 1989; Jia 2003; Guo et al. 2005; Li et al. 2005; Xu et al. 2013) . In this paper, P-wave velocity data show the characteristics of the basement.
Data
Earthquake events that were detected by at least three stations and have more than six seismic phases within 74-90° E longitude and 35-42° N latitude are chosen. By using the tomography method (Cutler et al. 1984; Zhao 2009; Tromp et al. 2010 ), more than 14,000 P-wave records are determined to obtain a three-dimensional P-wave velocity (Vp) structure. Twenty-nine Vp profiles are imaged throughout the entire Tarim Basin with a depth of 100 km and a total length of 52,592 km. In this paper, profile A-A′ is shown ( Fig. 4 ).
Interpretation
The profile is ca. 664 km long and extends generally from south to north. The Moho surface is uplifted between the distances of 100 km and 600 km within the basin. At the top of the upper mantle near the Moho interface, the velocity distribution changes frequently, and the contours show complicated forms.
The upper crust and lower crust are separated by a velocity contour of 6.60 km/s. The lower crust is clearly thicker than the upper crust, suggesting that the Tarim Basin has a highly rigid and stable crust because it is composed of highdensity, rigid, evenly distributed materials.
In addition, a high-velocity belt appears in the lower crust at depths of 15-25 km and between distances of 25 km and 625 km and encompasses almost the entire basin. The thickness of the high-velocity belt is ca. 8 km and decreases to ca. 2 km to the south and north. In the lower crust, the velocity distribution is even.
Tectonic evolution

Method of balanced cross-sectional restoration
The restoration of a balanced cross section refers to the stepby-step restoration of an interpreted structural cross section to its pre-deformed morphology. The stratum length balance restoration method and the area balance restoration method are used in this study. In this study, the area balance restoration method (Jiang et al. 2017 ) is used to recover the balanced cross section, and hand drawing on calculating papers is performed during the whole process. The interpreted seismic profile is transferred from time to depth first, and every detail about the evolution of each fault and strata deformation is planned. Then, the process involves the step-by-step restoration from the Neoproterozoic to the Quaternary, i.e., forward modeling. Compaction and denudation are restored in each stage. Finally, the drawings are converted into computer graphics by a scanner and the software Corel Draw (version 2018).
Tectonic evolution
The Tarim Basin experienced a long tectonic evolutionary history. Two seismic profiles are selected to recover the tectonic evolution by the method of balanced cross-sectional restoration. Both profiles are oriented nearly N-S and extend across the Southwest Depression, Bachu Uplift and North Depression (Figs. 2, 5) , which have similar evolutionary histories. TLM-Z15 (B-B′) is approximately 411 km long, and TLM-Z10 (C-C′) is approximately 408 km long.
In the Neoproterozoic, the Tarim Basin began to subside and accumulate sediment, and the western basin was in an extensional environment (Fig. 6k) . The Tumuxiuke Fault, a normal fault, controlled the basin and was active during the depositional process, resulting in thickness differences in the sedimentary cover between the footwall and hanging wall. During the Early and Middle Cambrian and during the Late Cambrian to Early Ordovician, the western basin inherited a previous tectono-sedimentary framework and was still controlled by the Tumuxiuke Fault (Fig. 6i, j) .
In the Middle and Late Ordovician, the southern section of the profile, as a part of the southwestern Tarim-Altyn Uplift (Jia 2003) , underwent denudation because of the southward subduction of the West Kunlun Paleo-Ocean (He et al. 2007; He et al. 2015) . The northern part of the western basin was extensional, subsided and accumulated sediment (Fig. 6h) . The Tumuxiuke Fault continued to act as a normal fault. During the Late Ordovician, intense compression uplifted the entire western basin and caused denudation. The Tumuxiuke Fault was inverted, changing its dip direction, and the South Mazhatage Fault was formed. During the Silurian to Middle Devonian, the southern part of the western basin was still uplifted and underwent denudation that resulted from the closure of the Proto-Tethys Ocean (Xu et al. 2011; Li et al. 2017; Zhang et al. 2017a ). The northern part of the western basin remained extensional, subsided and accumulated sediment (Fig. 6g) . At the end of this stage, the entire region was uplifted and underwent denudation, and the Tumuxiuke Fault acted as a reverse fault.
During the Late Devonian to Carboniferous, the profile records weakly extensional conditions, and the basin subsided and accumulated sediment ( Fig. 6f) . At the end of this stage, the entire region was uplifted and underwent denudation. Moreover, the Tumuxiuke Fault was inverted, which thinned the total thickness of the strata on the hanging wall. During the Permian, the evolutionary process of the basin was similar to that during the previous stage (Fig. 6e ). In the Early Permian, the western basin had an extensional environment and subsided rapidly. The western basin accumulated thick depositional cover during this period, and the South Mazhatage Fault was not active. In the Late Permian, the regional background turned compressional. Intense fold deformation occurred in the middle part of the profile, forming the Bachu Uplift structural prototype. The Tumuxiuke Fault acted as a reverse fault and caused rapid denudation of the deposits on the hanging wall.
In the Triassic, the basin was under compressional conditions because of the subduction of the Paleo-Tethys Ocean (Liu et al. 2013; Metcalfe 2013; Pullen et al. 2015; Xu et al. 2015) . The northern part of the western basin was a compressional basin and accumulated deposits, while the southern part was uplifted and denuded (Fig. 6d) .
In the TLM-Z15 profile, the Jurassic and Cretaceous strata are absent, which was caused by the closure of the Meso-Tethys Ocean and the collision between the Qiangtang and Lhasa terranes (Wang et al. 2012; Zhang et al. 2017b ).
In the Paleogene, the northern and southern parts of the western basin accumulated deposits as compressional basins, and the Bachu Uplift in the middle part of the profile acted as the shared frontal uplift and was denuded (Fig. 6c ). In the Miocene, the western basin inherited the previous tectono-sedimentary framework (Fig. 6b) . Moreover, the regional compression was more intense because of the distant collision from the northward movement of the Indian Plate (Lu et al. 1994; Liu and Wang 1995; Mcquarrie et al. 2003; Wei et al. 2013) . As an uplifted area of the basement, the Bachu Uplift still accumulated a small amount of deposits. In addition, the Mazhatage Fault, North Mazhatage Fault and Kalashayi Fault were activated. The Pliocene and Quaternary development of the western basin inherited the characteristics of the Miocene, and the present tectonic style was initiated.
The extensional ratio and length changes of TLM-Z15 shown in Table 1 highlight the influence of the regional stress field on the tectonic evolution. The western basin has undergone six stages, namely the Neoproterozoic to Early Ordovician, Middle-Late Ordovician to Early-Middle Devonian, Late Devonian to Permian, Triassic, Jurassic to Cretaceous and Paleogene to Quaternary. The tectonic evolution of TLM-Z10 (Fig. 7) is similar to that of TLM-Z15; thus, the detailed description will not be repeated. The structural style is slightly different in the Neogene and Quaternary in the northern part of the profile (Fig. 7a) ; i.e., the Keping Fault consists of deformation through multiple detachments, with upper and lower reverse faults.
The extensional ratio reflects the length changes in the TLM-Z10 profile (Table 2) . Generally, the extensional ratio in each period for TLM-Z10 is numerically larger than that for TLM-Z15 because TLM-Z10 is closer to the edge of the basin and experienced stronger tectonic stress.
Discussion
Basin prototypes
Structural styles
Specific structural styles occur in different tectonic basins, reflecting different tectonic stress fields and basin properties. The structural styles that occurred in the balanced cross sections are summarized below.
A listric fault was developed during the Neoproterozoic to Early Ordovician. During the Middle Ordovician to Carboniferous, a positive inverse fault was developed, i.e., a normal fault that becomes a reverse fault. After the Permian, pop-up structures, thrust faults and large synclines were developed.
Basin prototypes
The Tarim Basin has undergone a complicated tectonic evolution. From the Neoproterozoic to Early Ordovician, the western Tarim Basin was a rift basin during each period, i.e., the Neoproterozoic, Early-Middle Cambrian and Late Cambrian. From the Middle-Late Ordovician to the Early-Middle Devonian, the basin consisted of a flexural depression in the south and a depression that underwent a switch from a rifting depression to a flexural depression in the north during each period, i.e., the Middle and Late Ordovician and the Silurian to Middle Devonian. During the Late Devonian to Permian, the basin was a downwarped basin early and changed to a flexural basin late in each period, i.e., the Late Devonian to Carboniferous and Permian. In the Triassic, the basin was a foreland basin. During the Jurassic to Cretaceous, the basin was a downwarped basin. After the Paleogene, it became a rejuvenated foreland basin.
The main stages in the evolution of the western Tarim Basin
The evolutionary history is divided into three cycles (Fig. 8 ).
During the Neoproterozoic to Carboniferous, the Tarim Plate was an independent drifting plate. The surrounding terranes were far apart in the early stage (Duan et al. 2005 ). An extensional environment dominated, and the Tarim Basin was a rift basin. After the Middle Ordovician, collisions among the surrounding terranes occurred (Ren et al. 2017) . Moreover, foreland basin structural styles appeared in the Tarim Basin. This stage ended with the collision between the Tarim Block and the Yili-Central Tianshan Terrane (Charvet et al. 2011; Liu et al. 2014; Ma et al. 2014) .
During the Permian to Triassic, the Tarim Plate became the south margin of the Eurasian Plate. A compressional environment dominated in this stage, and the Tarim Basin was generally characterized by compressional structural styles. At the end of this stage, the Tarim Plate amalgamated with the Qiangtang Block (Mcquarrie et al. 2003; Wei et al. 2013) .
Since the Jurassic, the Tarim Plate has been located within the Eurasian Plate. Extreme regional compression 
Causes for a composite and superimposed sedimentary basin
The western Tarim Basin is a composite and superimposed sedimentary basin (Jia 2003) . It is a superimposed basin because of its polycyclic multistage tectonic evolution, i.e., the temporal superimposition of different basin prototypes.
It is a composite basin because of the different basin properties in different parts of the basin, i.e., spatially variable basin prototypes. A long-term and complicated tectonic evolution under the control of a long-term and changing regional stress field has made the western Tarim Basin a superimposed basin.
Because of its relatively large size and highly rigid and stable basement, the western Tarim Basin contains subbasins with different characteristics, e.g., in the Middle and Late Ordovician, the southwest subbasin was a flexural basin (a compressional basin), while the north subbasin was initially a rift basin (an extensional basin).
Conclusions
A long-term and complicated tectonic evolution and a highly rigid and stable basement have shaped the western Tarim Basin into a composite and superimposed sedimentary basin.
From the Neoproterozoic to Early Ordovician, the western Tarim Basin was a rift basin. From the Middle Ordovician to Middle Devonian, the basin consisted of a flexural depression in the south and a depression that switched from a rift depression to a flexural depression in the north. During the Late Devonian to Permian, the basin was first a downwarped basin and later changed to a flexural basin. In the Triassic, the basin was a foreland basin, and from the Jurassic to Cretaceous, it was a downwarped basin. After the Paleogene, the western Tarim Basin became a rejuvenated foreland basin. 
